Abstract: Aiming at the need for lightweight requirements of the electric bus components, combined with the performance advantages of the hot stamping ultra-high strength steel, a new type of seat bracket structure is proposed. The new structure was analyzed by finite element method and the variable density topology optimization results. Subsequently, the new seat bracket was manufactured by the indirect hot stamping process. The results showed that the new type of seat bracket can reduce the weight by 17.04% after topology optimization, which achieved the goal of lightweight design of the structure. After indirect hot stamping, the bottom of the seat bracket microstructures were mainly martensite and the ultimate tensile strength was about 1560 MPa, the microhardness was equally distributed at about 513.5 HV. Finally, according to the stiffness check test, the seat bracket satisfied the user requirements.
Introduction
The electric bus is becoming more practical today because of its lower pollution and less noise with higher energy efficiency compared to the fuel bus [1, 2] . However, how to reduce weight and shorten design cycle are two basic problems that are necessary to be considered during the bus design process. Weight reduction of the bus can save more energy, and improve the efficiency of public transportation. However, the original strength and structural stiffness should not be weakened in the weight reduction design. High stiffness is a requirement for most automobile components (e.g. brackets, car body) in simulation. In this situation, using finite element analysis (FEA) is a more convenient and reasonable way to optimize the structure. So far, many finite element method (FEM) commercial software have the structural optimization module, e.g. the SIMULIA Tosca Structure applied in ABAQUS, ANSYS [3] . Li et al. used an optimization method based on the minimized weight while satisfying all stiffness constraints to redesign the engine cradle [4] . Also, the authors used lightweight material and topology method to optimize the size, the shape of a cross car beam structure [5] . Yildiz et al. proposed different methods to introduce the application of topology optimization in vehicle components [6, 7] .
For the reduction in weight and improvement of the vehicles crash safety, ultra-high strength steel becomes more extensively used in A/B-pillar, bumper, tunnel, and other anti-collision beams in the automotive industry. According to the references, ultra-high strength steel can reduce the body-in-white structural mass by nearly 30% [8] [9] [10] . Hot stamping is a principal method for ultra-high strength steel production, which needs a small forming load and gives less springback after quenching [11] [12] [13] . It can be divided into direct hot stamping and indirect hot stamping. The indirect hot stamping is mainly used to form sheet with complex shapes and the sheet needed to be pre-formed before heating and quenching [14] [15] [16] . Seo et al. investigated the formability of direct and indirect hot stamping processes under different blank holding forces of ultra-high strength steel [17] .
However, this kind of material is rarely used on the electric bus. This paper focused on using ultra-high strength steel on electric bus components. The bus seat, especially the seat bracket, plays an important role among the components of the electric bus and it also effects the comfort and safety of the passengers. Therefore, this paper focused on redesigning the new structure of the seat bracket according to the finite element analysis and topology optimization method. Subsequently, ultra-high strength steel by indirect hot stamping process was used to form the new seat bracket. The reasonable indirect hot stamping parameters were discussed. Then the mechanical behaviors and microstructures of the seat bracket after indirect hot stamping process was analyzed. Finally, to verify the rationality of the design, stiffness experiment was performed on the seat bracket.
Finite Element Model and Optimization Analysis

Finite Element Model
ABAQUS was used to establish the finite element model, as shown in Figure 1 . One seat consists of the seat surface, the seat bracket, and the support plate. The initial seat bracket is composed of the main frame, the head plate and the sub-plate, as shown in Figure 1b . The head plate and the sub-plate are welded to the main frame. Then the initial seat bracket is bolted to the electric bus wall. The seat bracket is hanged on the bus wall, thus a high strength and stiffness are required during the design. The initial seat bracket model has 47239 elements, 75573 nodes. Each component was set as a different material; the bus wall used Q345, the seat bracket used 22MnB5, the bolts used SUS304, and each material parameters are shown in Table 1 . The initial seat bracket is bolted to the electric bus wall which means the bolts connections are of great significance in the FEA calculation. Since the bolt analysis is a complex nonlinear problem, this paper built a bolt solid model in which the thread structure was ignored and according to the formula the pre-tightening force of the bolts were 5000 N. The Coulomb friction model was selected to model the tangential contact behavior, using a friction coefficient of 0.1. The head plate and the sub-plate are welded to the main frame, this paper used Tie constraint to build the connecting relationship between each part. According to the seat bracket design requirement, the seat bracket must be strong enough to support the weight of one adult passenger. Assumed that one passenger weighs no more than 150 kg, the pressure should be distributed on the seat with 0.039 MPa. According to the bus operation condition, the seat bracket is affected by the gravitational acceleration, and the acceleration is 9800 mm/s 2 .
Finite Element Analysis
The static analysis gives a limit situation which the seat bracket was under the specified load, and can provide an effective reference for the design. According to the structural performance standards established by the user company, when using the calculation to verify the design structure which under a specified load, the structure should have a certain safety margin called the safety factor S calculated by Equation (1) .
where, R L represents the yield stress, R d represents the calculated stress, according to the design requirement the minimum safety factor S is 1.2. This paper used a static standard method to analyze the initial seat bracket. Figure 2a shows the von-Mises stress nephogram of the initial seat bracket, the stress was evenly distributed on the seat bracket; the maximum stress appeared near the bolts was about 469.7 MPa and the safety factor S = 2.34. As shown in Figure 2b , the maximum displacement was 0.2326 mm which appeared on the bottom of the seat bracket side wall. That was because the side wall was lack of effective support in the y-direction, but the deformation was small. 
Topology Optimization Analysis
According to the results, the initial seat bracket has a high safety factor, thus there was a large optimization space to redesign the structure. Structural topology optimization is based on the initial design, the main idea is to convert the optimal topology problem into finding the optimal material distribution for a given design area. The variable density method is a common method for topology optimization, in which a relationship between the elastic modulus of the material and the cell density is established by the SIMP (Solid Isotropic Material with Penalization) interpolation function [18] , as shown in Equation (2) . In this way, the material distribution problem is transformed into the value of the materials relative density. The relative density is x i , the density of i element is ρ i = χ i ρ i , the penalty factor P is introduced to suppress the intermediate density so that the element density tends to both sides.
where, ρ 0 represents the true density of the material, E 0 represents the elastic modulus of the material [19, 20] . Therefore this paper used the Optimization module to redesign the initial seat bracket; the objective function is to minimize the initial seat bracket strain energy then remove 30% volume of the initial model (V ≤ 0.7 V initial ) as the optimization constraint. Geometric constraints are additional constraints in topology optimization, which leading us to obtain more realistic optimization results. Thus, the model was divided into optimization area and frozen area, as shown in Figure 3b . The frozen area is used as a geometric constraint to reserve the connection between the components of the seat bracket. Combined with the density distribution after 15 design cycles and considered the possibility to manufacture the seat bracket, the optimized seat bracket model is shown in Figure 3b . After topology optimization, the seat bracket was lighter than the initial seat bracket about 32.15%. In order to verify the structure, the optimized seat bracket was calculated under the same load. The strength analyzes of the optimized seat bracket are shown in Figure 4 . Due to the pressure, the bottom of the seat bracket has a large elastic displacement in the y-direction about 25.53 mm as shown in Figure 4b , and a large stress about 537.5 MPa as shown in Figure 4a , which occurred at the rounded corner of the seat bracket, the safety factor S = 2.04. According to the above analysis, the optimized seat bracket has a large elastic displacement. Therefore, it is necessary to carry out further structural optimization to avoid the bearing capacity due to the excessive displacement. To improve the seat bracket stiffness, this paper welded another two reinforced plates, the final seat bracket is shown in Figure 5 . The strength analyzes are shown in Figure 6 , the maximum stress is 395.6 MPa as shown in Figure 6a , the maximum displacement occurred on the top plate about 1.032 mm as shown in Figure 6b , the safety factor S = 2.84. The final seat bracket has a high safety factor than the optimized seat bracket, and the displacement in the y direction was greatly suppressed. Although the final seat bracket was increased two reinforced plates, still it was reduced the weight by 17.04% compared with the initial seat bracket. 
Forming Process and Stiffness Check
Materials
From the above analyzes, it is known that among the components of the seat bracket the main frame was the most important. Thus, in order to verify the formability of the main frame during the indirect hot stamping process, this paper analyzed the microstructure and mechanical properties of the main frame after quenching. The main frame was using 1.5 mm, non-coated, quenchable 22MnB5 steel sheet provided by Baosteel. The chemical composition of the steel is presented in Table 2 . 
Indirect Hot Stamping Process
The sheet has been punched and bent as the preformed frame, then the preformed frame was heated to 950 • C in the furnace and held at this temperature for 5 min. After heating, the frame was achieved completely austenitizing. Then the heated frame was transferred to the lower die, the upper die was immediately closed. After the upper and lower dies were completely closed, the contact pressure was applied simultaneously. The contact pressure was 10 MPa and held for 8 s. The objective of the cooling ducts design is to quench the hot sheet effectively and to achieve a cooling rate of at least 27 • C/s, and then the main frame was cooled to room temperature. Figure 7a shows the hot stamping dies, the water and environment temperatures were approximately 20 • C. After quenching, metallographic observations and mechanical tests were performed to measure the main frame properties. Uniaxial tensile tests were conducted to obtain the material performance parameters. Tensile tests were performed using a Zwick-Z100 materials testing machine (Guangzhou, China). The specimens were cut as per GB/T 228.1-2010, and at least three specimens were tested in each area to ensure repeatability of the test results. Figure 7b shows the geometrical dimension and the place of the specimens, which were tested the bottom (Specimen 1) and the sidewall region (Specimen 2) of the main frame. Then cut at the same place for the microhardness tests and the microstructure observations. The metallographic observations used a TESCAN VEGA3 scanning electron microscope (TESCAN, Brnocity, Czech Republic). Then the microhardness measurements used an HXD-1000 microhardness tester (Shanghai, China) with an experimental force of 2 N and a loading time of 5 s. Then 10 points of each microhardness test samples were measured and the average value was selected for description.
The detail mechanical properties values of the specimens are shown in Table 3 . After quenching, the tensile strength of the specimens was greatly improved, and the elongation was reduced. The mechanical properties of the main frame were as good as the expected requirement. 
Microstructures Analysis
After indirect hot stamping, the main frame showed with accurate size and no springback. The specimens were polished, and then etching with 4% nitric acid alcohol solution for 20 s. Figure 8 shows the microstructures of the specimens in different region. The bottom and sidewall region mostly showed with lath martensite, whereas the sidewall region has less bainite and ferrite. As evident in Figure 8 , the martensite in the bottom region was more slender than in the sidewall region. The distribution of the microhardness values were consistent with the results of the microstructure results, in which the sidewall region has lower microhardness values than the bottom region. The reason is that the bottom region was quenched under higher contact pressures than the sidewall region. During the quenching process, the cooling rate of the bottom region was reached 27 • C/s, thus the austenite was completely transformed into martensite. However, the cooling rate of the sidewall region was less than 27 • C/s, then before the martensite transformation, some austenite transformed into ferrite and bainite. The sidewall region was under no pressure and the cooling effect was insufficient. Therefore, the sidewall region has different phase microstructures. In conclusion, the main frame was satisfied with the production expectation.
Stiffness Check Test
After quenching, in order to reduce the internal stress and prevent the brittle failure of the main frame, the main frame was tempered at 150 • C for 40 min to improve the overall performance of the structure, and then cooled to room temperature. Then the main frame was welded with two reinforced plates to get the final seat bracket. The stiffness of the seat bracket was inspected and compared with the finite analyzes results. During the test, two-seat brackets were loaded with a heavy weight about 300 kg as shown in Figure 9 . Subsequently, the vertical displacement of the seat bracket can be obtained by measuring the distance between the seat bracket subplate and the ground before and after loading. The vertical displacement was used to evaluate the stiffness of the seat bracket. According to the measurement results, before loading the distance between the sub-plate and the ground was 499 mm, after loading the distance was 498.6 mm. The seat bracket displacement was about 0.4 mm, which means the seat bracket has small deformation under the specified load. From the above finite element results, the displacement in the y direction is about 0.681 mm. Eventually, the measurement results were basically in agreement with the finite element results.
Conclusions
(1) A new seat bracket was designed according to finite element analysis and topology optimization results; the results showed that the new seat bracket can reduce the weight by 17.04% after topology optimization. (2) The reasonable parameters during the indirect hot stamping process were that the main frame was heated to 950 • C and held at this temperature for 5 min. During quenching, the contact pressure was 10 MPa and held at this pressure for 8 s, and then the main frame was transformed to martensite. After indirect hot stamping, the seat bracket was showed with accurate size and no springback. (3) During the quenching stage of the indirect hot stamping, the bottom region is fully quenchable compared to the sidewall region. The cooling rate of the bottom region reached 27 • C/s, thus the austenite was completely transformed into martensite. However, the cooling rate of the sidewall region was less than 27 • C/s, then before the martensite transformation, some austenite transformed into ferrite and bainite. (4) According to the stiffness check test, the seat bracket has tiny deformation under the specified load, and the inspect results were basically consented to the finite element results, which verified the rationality of the seat bracket design.
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